Point-defect engineering of MoN/TaN superlattice films: A
  first-principles and experimental study by Koutná, Nikola et al.
Point-defect engineering of MoN/TaN superlattice films: A first-principles and
experimental study
Nikola Koutná,1, 2 Rainer Hahn,1 Jakub Zálešák,3 Martin Friák,2, 4, 5 Matthias
Bartosik,1 Jozef Keckes,3 Mojmír Šob,4, 5, 6 Paul H. Mayrhofer,1 and David Holec7
1Institute of Materials Science and Technology, TU Wien, Getreidemarkt 9, A-1060 Vienna, Austria
2Department of Condensed Matter Physics, Faculty of Science,
Masaryk University, Kotlářská 2, CZ-611 37 Brno, Czech Republic
3Erich Schmid Institute of Materials Science, Austrian Academy of Sciences, Jahnstrasse 12, A-8700 Leoben, Austria
4Institute of Physics of Materials, Academy of Sciences of the Czech Republic, Žižkova 22, CZ-616 62 Brno, Czech Republic
5Central European Institute of Technology, CEITEC MU,
Masaryk University, Kamenice 5, CZ-625 00 Brno, Czech Republic
6Department of Chemistry, Faculty of Science, Masaryk University, Kotlářská 2, CZ-611 37 Brno, Czech Republic
7Department of Materials Science, Montanuniversität Leoben, Franz-Josef-Strasse 18, Leoben A-8700, Austria
Superlattice architecture represents an effective strategy to improve performance of hard pro-
tective coatings. Our model system, MoN/TaN, combines materials well-known for their high
ductility as well as a strong driving force for vacancies. In this work, we reveal and interpret
peculiar structure-stability-elasticity relations for MoN/TaN combining modelling and experimen-
tal approaches. Chemistry of the most stable structural variants depending on various deposition
conditions is predicted by Density Functional Theory calculations using the concept of chemical po-
tential. Importantly, no stability region exists for the defect-free superlattice. The X-ray Diffraction
and Energy-dispersive X-ray Spectroscopy experiments show that MoN/TaN superlattices consist
of distorted fcc building blocks and contain non-metallic vacancies in MoN layers, which perfectly
agrees with our theoretical model for these particular deposition conditions. The vibrational spec-
tra analysis together with the close overlap between the experimental indentation modulus and
the calculated Young’s modulus points towards MoN0.5/TaN as the most likely chemistry of our
coatings.
I. INTRODUCTION
Excellent mechanical properties of nitride-based pro-
tective coatings closely relate to their microstructure1.
To meet the demanding industrial requirements, coat-
ings are nano-engineered as single or multilayer multi-
component systems. Especially superlattices (SLs), i.e,
coherently grown nano-layers of two or more materi-
als, represent a powerful concept to tune optical, mag-
netic, electronic, mechanical or tribologic properties2–5.
Furthermore, SL architecture can enable formation of
metastable phases, otherwise rather uneasy to synthe-
sise experimentally. The application higly relevant cubic
AlN, for instance, was shown to be epitaxially stabilised
in AlN/CrN6,7 or AlN/TiN8–10 SLs.
In terms of mechanical properties, the great poten-
tial of superlattice architecture was demonstrated by
Helmersson et al. 11 and Barnett and Madan 12 . When
the bilayer period of TiN/VN and TiN/NbN nanolay-
ered coatings was set to 5 and 9 nm, respectively, the
hardness exceeded that of the monolithic film-forming
phases by about 100%. Interface-induced enhancement
of mechanical and/or tribologic performance beyond the
limits of its individual components was further achieved
for TiN/MoN, TiN/NbN, TiN/TaN, and TiN/CrN SL
coatings13,14. Hahn et al. 15 further showed that fracture
toughness and hardness of TiN/CrN exhibit almost the
same dependence on the bilayer period, Λ, with the frac-
ture toughness peak at Λ ≈ 6 nm coinciding with the
hardness peak.
Additionally, an enormous versatility in structural and
mechanical properties can be accomplished by intention-
ally using the typically unwanted products of Physi-
cal Vapour Deposition (PVD) processes: vacancies and
point defects in general16–21. Recent work by Buchinger
et al. 22 particularly underlined the important role of
theory-guided defect design, showing an impressive frac-
ture toughness enhancement in TiN/WNx superlattices,
4.6 MPa
√
m for Λ = 10 nm, which presents one of the
highest records among transition metal nitrides. The au-
thors proposed that the indentation modulus and frac-
ture toughness dependence on Λ (in particular, the emer-
gence of the peak) relates to the changing vacancy con-
tent within WN layers.
In this work, we chose molybdenum and tantalum ni-
tride as the superlattice building materials. Not only
do they exhibit many superior properties, such as ex-
cellent hardness and elastic moduli, high melting point,
good thermal and electrical conductivity30–33, but they
also exist in many crystallographic and compositional
variants23–26. The usually experimentally desired phase
is the cubic rocksalt (Fm3m, #225, rs). Importantly,
the stability of this phase is conditioned by the pres-
ence of vacancies on either the metallic (MoN and TaN),
or non-metallic (MoN) sublattice24,27–29. Our ab ini-
tio pre-study40 indicated a strong potential for cubic-
based MoN/TaN SLs, especially in terms of ductility.
Yet the SL computational model was fully stoichiomet-
ric, i.e., disregarded the strong driving force of MoN
and TaN for vacancies. Such model somewhat surpris-
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2ingly resulted in a phase transformation of the originally
cubic SL building blocks towards tetragonally distorted
ζ-phases34 (P4/nmm, #129). Our reasoning was based
on the enormous instability of the defect-free rocksalt
structured MoN and TaN, which eliminate some of their
soft phonon modes by lowering the symmetry. Clearly,
the presence of interfaces (and the related bi-axial co-
herency stresses) is essential for this phase transforma-
tion.
A highly intriguing question for the present study
therefore is, whether the tetragonally distorted ζ-phases
can still compete with the probably more realistic model
of the SL featuring cubic building blocks with vacan-
cies. Furthermore, MoN/TaN SLs may generally prefer
different vacancy contents and distribution than these
known to work for the monolithic films. To provide a
trustable basis for our modelling analyses, we employ
series of experimental techniques. The main objective
of our investigations is to propose a complete picture of
atomic-scale architecture, thermodynamic stability, elec-
tronic and elastic properties of MoN/TaN SLs, which can
further serve to formulate design guidelines for outstand-
ing SL coatings.
II. METHODOLOGY
A. Computational details
The simulations were carried out within the frame-
work of the Density Functional Theory (DFT) as im-
plemented in the Vienna Ab-initio Simulation Pack-
age (VASP)35,36 together with plane-wave projector
augmented wave (PAW) pseudopotentials37. In order
to treat the exchange and correlation effects, we ap-
plied the Perdew-Burke-Ernzerhof generalized gradient
approximation38. The plane-wave cutoff energy was set
to 700 eV, while the reciprocal space was sampled with
Γ-centered Monkhorst-Pack meshes39 equivalent to the
product of the number of k-points and the number of
atoms equal at least 25 000.
Our model of the defect-free MoN/TaN superlattice
with the MoN-to-TaN molar ratio 1:1 was based on the
conventional 8-atom cubic fcc cell. Applying the peri-
odic boundary conditions, the 1×1×(2n), n = 1, 2, . . .,
geometry produced SLs with (001) interfaces and bilayer
periods Λ ≈ 9n Å. As shown in our pre-study40, a full re-
laxation of such SLs breaks the cubic symmetry of the fcc
building blocks and induces a structural transformation
towards the tetragonal ζ-phase (P4/nmm, #129). While
the ζ-TaN is dynamically stable (unlike rs-TaN), the
ζ-MoN still yields soft phonon modes. Following these
finally leads to the dynamically stable ω-MoN (P21/m,
#11). The fcc, ζ, and the ω structures of MoN and TaN
are compared in Tab. I.
In this work, we studied the effect of vacancies in the
already pre-relaxed SLs, i.e., composed of the ζ-phases.
To keep the simulations computationally affordable, the
supercell size was set to 2 × 2 × 4 (128 atoms), leading
to the bilayer period Λ ≈ 1.91 nm (after relaxation).
As we wanted to analyse the effect of interfaces them-
selves, a desired number of Mo, Ta, or N vacancies was
randomly distributed at each (001) plane. In particu-
lar, different vacancy configurations in terms of vacancy
distribution within the layers ware produced even for the
same vacancy content and the same type of missing atom.
Vacancies in the monolithic ζ-MoN and ζ-TaN were dis-
tributed employing the Special Quasi-random Structure
(SQS) method41.
Despite both ζ-phases and SLs had the overall tetrag-
onal symmetry, the presence of vacancies generally led
to 3 distinct lattices parameters, a1, a2, and c, after a
full relaxation. The tetragonal lattice parameter a of
ζ-MexNy, Me=Mo, Ta, was calculated by averaging a1
and a2. In the case of SLs, such average represented an
effective in-plane lattice constant (in the interface), while
c (in the direction perpendicular to the interface) repre-
sented the bilayer period, Λ. To quantify the effect of
vacancies on each of the SL-building materials, we esti-
mated an effective lattice parameter cMoNeff , c
TaN
eff , in MoN
and TaN layers separately. This was done by measuring
interplanar distances between all pairs of neighbouring
(001) planes (the z-coordinates of these planes were av-
eraged fully relaxed z-coordinates of all ions occupying
the same plane, i.e. with the same z-coordinate before
the relaxation). Furthermore, to reflect that SLs with the
same vacancy concentration but different vacancy distri-
bution may differ in energies, we employed a weighted
average
x =
∑n
i=1 wixi∑n
i=1 wi
, (1)
where xi is a structural parameter of interest (i.e., Λ, a in
the interface) and wi is the corresponding weight. Index
n corresponds to the number of investigated distributions
of the same vacancy type and overall concentration. De-
noting Emintot the minimal formation energy of a SL with
a specific vacancy type and concentration, the weight of
a SL configuration with energy Etot,i was calculated as
wi = Etot,i/E
min
tot , (2)
where Etot,i, Emintot < 0 and Emintot 6= 0 (the wights are
non-negative).
Thermodynamic stability of SL as well as monolithic
phases was quantified with the energy of formation, Ef ,
calculated according to
Ef =
1∑
s ns
(
Etot −
∑
s
nsµs
)
, (3)
where Etot is the total energy of the supercell, ns and
µs are the number of atoms and the chemical potential,
respectively, of a species s. Depending on the specific
experimental conditions, the chemical potentials µN, µMo
and µTa may in principle reach any value below the upper
3TABLE I. Lattice parameters, a and c (in Å), formation energies, Ef (in eV/at.), and stability of the fcc (Fm3m), ζ (P4/nmm),
and the ω (P21/m) structural variants.
MoN TaN
Phase a c Ef Mech. stability Dyn. stability Phase a c Ef Mech. stability Dyn. stability
fcc-MoN 4.364 −0.008 NO NO fcc-TaN 4.427 −0.887 YES NO
ζ-MoN 4.248 4.544 −0.178 NO NO ζ-TaN 4.202 5.119 −0.982 YES YES
ω-MoN 4.424 4.298 −0.245 YES NO
limit given by the total energy (per atom) of bcc-Mo,
µMo(bcc-Mo), bcc-Ta, µTa(bcc-Ta), and a half of the N2
molecule, µN(N2), respectively27. These upper limits are
conventionally referred to as the N-rich, Mo-rich and Ta-
rich conditions, respectively.
The stress-strain method42–44 was applied to calculate
the fourth-order elasticity tensors C of selected systems
according to the Hooke’s law, σ = Cε, which establishes
a linear relation between stress, σ, and strain, ε. Us-
ing the Voigt’s notation, we conventionally transform the
calculated fourth-order tensors, C, to a symmetric 6× 6
elastic constants matrix {Cij}. A positive definiteness of
the elastic matrix, or equivalently, a positivity of its min-
imal eigenvalue, λmin, served as a necessary and sufficient
criterion for a mechanical stability of the corresponding
structure45 provided other instabilities (e.g., soft phonon
modes or magnetic spin arrangement) do not come forth.
In principle, analysis of the phonon spectrum of a crys-
tal is required to ensure the vibrational stability of the
investigated material. Here, the phonon spectra were cal-
culated using the Phonopy package46.
The polycrystalline bulk, B, and shear, G, moduli were
represented with the Hill’s average47 of the upper Reuss’s
limit48 and the lower Voigt’s bound49. The Young’s mod-
ulus was evaluated as
E =
9BG
3B +G
, (4)
using the Hill’s averages of B and G. The relative ten-
dency for brittleness/ductility was predicted based on the
Pugh’s ratio, B/G, and Poisson’s ratio,
ν =
3B − 2G
6B − 2G. (5)
Values B/G > 1.7550 and ν > 0.3351, respectively, were
conventionally interpreted as a sign for ductile behaviour.
B. Experimental setup
MoN/TaN SL films were deposited using the AJA In-
ternational Orion 5 lab scaled deposition plant, equipped
with two 2" unbalanced magnetron cathodes. The base
pressure of the sputtering chamber prior to the depo-
sition was lower than 10−4 Pa. Prior to the depo-
sitions, Si(100), 20 × 7 × 0.38 mm3, and MgO(100),
10×10×0.5 mm3, substrates were ultrasonically cleaned
in acetone and ethanol for 5 min each. Subsequently,
they were thermally cleaned at 500 ◦C for 20 min inside
the chamber followed by etching for 10 min (by applying
constant −750 V bias voltage at an Ar pressure of 6 Pa).
The depositions were carried out at a substrate tem-
perature of 500 ◦C in an Ar/N2 gas mixture (7 sccm Ar
and 3 sccm N2) at a total pressure of 0.4 Pa. The cur-
rent densities of the dc powered Mo and Ta targets (both
99.6% purity, Plansee Composite Materials GmbH) were
set to 19.7 mA/cm2. To achieve a dense coating mor-
phology, we applied a negative bias voltage of −40 V52.
Nanolayered structures were realized using a computer-
controlled shutter system. The bilayer periods were nom-
inally set to Λ = 1.5, 3, and 6 nm, while the total num-
ber of bilayers were chosen to produce a film thickness of
≈ 2 µm.
The X-ray diffraction patterns in Bragg-Brentano (BB)
configuration were collected using a PANalytical XPert
Pro MPD (θ-θ diffractometer) equipped with a Cu-Kα ra-
diation source (λ = 0.15418 nm). The gracing incidence
(GI) patterns were recorded with an incidence angle of
2.0◦ using an Empyrean PANalytical (θ-θ diffractometer)
with a Cu-Kα source.
A coating with Λ varying from 1.5 to 15 nm was used
for Transmission Electron Microscopy (TEM) studies. A
cross-sectional electron transparent lamella was prepared
using a FEI Helios NanoLab G3 UC dual beam focused
ion beam (FIB) microscope. The FIB was operated at ac-
celerating voltages from 30 kV to 1 kV and currents from
20 nA to 40 pA. Cross-sectional scanning transmission
electron microscopy (STEM) and energy dispersive spec-
troscopy (EDX) was performed using FEI Titan Themis
equipped with a SUPER-X EDX detector. The micro-
scope was operated at accelerating voltage of 300 kV
and probe current of 0.7 nA. The collected EDX signal
was treated using TEAM software applying built-in stan-
dards.
Indentation hardness of our coatings was measured
with the Fischer Cripps Laboratories ultra-micro inden-
tation system (UMIS) equipped with a Berkovich dia-
mond tip. A series of indentations with different loads
(3–45 mN) was performed for each multilayer system and
substrate. Indentations with a total indentation depth
larger than 10% of the film thickness were ruled out,
the rest of the data was evaluated following Oliver and
Pharr53. The indentation modulus was calculated by ex-
trapolating a fit to zero indentation depth in order to
4minimise substrate effects54. The residual stress values
were evaluated using Stoney’s equation55, whereby the
curvature was determined employing optical profilome-
try.
III. RESULTS AND DISCUSSION
A. Energetics and structure
1. Formation energies and structural parameters from
first-principles
Prior to experimental investigations, formation ener-
gies, Ef , and lattice constants of MoN/TaN SL are care-
fully analysed depending on the defect type, concentra-
tion, and distribution. As already these three parameters
may draw a rather complex picture, we limit ourselves to
the 128-atom simulation cell with Λ ≈ 1.91 nm, i.e., do
not bring another variable via altering the bilayer period.
To identify the most stable structural variants depend-
ing on specific deposition conditions, Ef is evaluated as a
function of metal and nitrogen chemical potentials, quan-
tifying the availability of the respective element in exper-
iment. For example, the nitrogen chemical potential can
be easily interpreted as the applied N2 partial pressure.
To highlight the impact of interfaces, Fig. 1 contrasts
the energetic trends for SLs with those obtained for their
single-phase ζ-MexNy components (Me=Mo, Ta). A
structure is deemed unstable for a combination of µN,
µMo, and µTa yielding a positive value of Ef (cf. Eq.(3)).
Nevertheless, a negative sign of Ef does not yet im-
ply mechanical and/or vibrational stability (investigated
later in Sec. III B and III C).
Fig. 1 clearly demonstrates the important stabilisation
role of vacancies, since neither the binary nor the SL
systems show a stability region for a defect-free struc-
ture. Regardless the values of chemical potentials, Ef of
the defect-free variant exceeds Ef of the most favourable
vacancy-featuring structure by about 0.1–0.2 eV/at.
Starting with the monolithic binaries, the Mo–N sys-
tem favours both vacancy types, metallic and nitrogen.
The overall lowest Ef is obtained for ζ-MoN0.5 and
ζ-Mo0.88N. Nevertheless, these polymorphs are stable in
a rather narrow range of chemical potentials, suggesting
that very specific experimental conditions are required
for their synthesis. The ζ-TaN with Ta or N substoi-
chiometry shows a more extended stability region dom-
inated by Ta0.75N and Ta0.88N. N vacancies in ζ-TaN
are favoured when approaching the N-poor conditions,
i.e., low N2 partial pressures. Such findings are similar
to those predicted for rs-MoxNy and rs-TaxNy23,27.
Despite clear similarities, the energetics of MoN/TaN
SL is not a simple addition of the trends for the mono-
lithic components. Defected configurations with va-
cancies in either Mo or N sublattice of MoN, i.e.,
Mo0.25–0.75N/TaN, MoN0.25–0.5N/TaN, and Mo/TaN,
dominate the stability diagram. Consequently, coat-
ings with highly defected MoN layers should be most
likely produced experimentally. The enormously high
vacancy contents, i.e., above 50%, may lead to signif-
icant structural changes. Indeed, a close examination
of MoN0.25/TaN SL reveals that the MoN layers con-
tain a mixture of two phases, ζ-MoNy and bcc-Mo. Go-
ing to the extreme case, the Mo/TaN SL is formed by
a 45◦-rotated bcc-Mo and ζ-TaN layers, i.e., [100]TaN ‖
[110]bcc-Mo (similarly to rs-CrN in Ref.56). N-rich, Mo-
rich and Ta-poor conditions enable stabilisation of Ta-
deficient MoN/Ta0.5–0.75N. In contrast to the monolithic
TaN, N vacancies in TaN layers of the superlattice are
highly unfavourable for all combinations of chemical po-
tentials.
Not just the amount of vacancies, but also their spa-
tial distribution, i.e., relative content at interfaces, might
play an important role. Fig. 2 provides an elementary
insight into the relative segregation tendency of vacan-
cies based on total energies, Etot, which are indepen-
dent of chemical potentials. The Etot minimum for
MoN/Ta0.75N SL is obtained when half of all vacancies
accumulates at interfaces. Interfaces become even more
energetically favourable when Ta vacancy concentration
rises up to 50 at.%. Mo vacancies in Mo0.5–0.75N/TaN
SL also tend to accumulate at interfaces. Specifically, the
strongest preference of Mo vacancies for interfacial sites
is predicted for Mo0.5N/TaN: the Etot difference between
the SL with all vacancies occupying (i) the interface and
(ii) the “bulk-like” layers is ≈ 0.2 eV/at. Comparable
trends are predicted for 50–75 at.% N vacancies in MoN
layers.
We will now proceed to a careful structural analysis,
technical details of which are explained in the Methodol-
ogy section. Fig. 3 suggests that the increase of vacancy
content in ζ-MoN and ζ-TaN leads to a notable decrease
of the tetragonal lattice parameter c. This is compen-
sated by the increase of a, with the only exception of N
vacancies in ζ-TaN. For example, as a result of 6%-Ta-
substoichiometry in ζ-TaN, c drops abruptly from 5.12 to
4.50 Å, accompanied by an enlargement of a from 4.20 to
4.35 Å. The simulation cells hence become more cubic as
a and c get closer, which perfectly explains the compa-
rable energetic trends for the defected cubic (cf. Ref.27)
and the ζ-phase (Fig. 1). Unlike that, the N vacancies in
ζ-TaN do not break the tetragonal symmetry, as the c/a
ratio remains roughly constant (∼1.2), independently of
the defect content. Analogically, this may explain differ-
ent stability regions of ζ-TaN0.5 as compared to its cubic
rocksalt counterpart.
Surprisingly, the in-plane lattice constant of the
MoN/TaN SL (∼ 4.28 Å) exceeds a of both the ζ-TaN
(∼ 4.20 Å) and the ζ-MoN (∼ 4.25 Å). We speculate
that the unstable rs-MoN wants to eliminate its imagi-
nary phonon frequencies by relaxation towards the mon-
oclinic ω-MoN (a ∼ 4.42 Å, cf. Tab. I), i.e., not only to
the tetragonal ζ-MoN, which is still vibrationally unsta-
ble. At the same time, the strong ζ-TaN dictates the SL
tetragonal symmetry, allowing only for a partial cubic-
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respectively.
to-ζ (ω) phase transformation. Vacancies in MoN/TaN
SLs decrease Λ as compared with the reference value
19.1 Å for the defect-free SL. This is in most cases accom-
panied by an expansion of the in-plane lattice constant.
Fig. 3 (2b, d) further suggests that vacancies in one of
the materials decrease the effective lattice parameter c in
the corresponding (defected) sublattice, and—though not
that significantly—also in the defect-free sublattice. As
this is accompanied by an increase of the in-plane lattice
constant, we propose that vacancies stimulate a ζ-to-fcc
transition in defected layers. Such effect might be par-
tially transferred through the interface via the in-plane
tensile stresses, explaining a decrease of the effective c of
the defect-free layers.
2. Experimental determination of structure and defect
content
Our DFT calculations suggested that vacancies in
MoN/TaN SL coatings are highly expectable, in particu-
lar in MoN layers. Rather specific deposition conditions
may lead to Ta vacancies, while the defect-free system
should be energetically very unfavourable. Moreover, the
highly defected layer material should be cubic, while the
(nearly) perfect layer material should present tetragonal-
like distortions.
In order to verify these predictions, we deposited
MoN/TaN coatings with nominal bilayer periods, Λnom,
of 1.5, 3 and 6 nm. According to the XRD patterns (Fig.
4), the coatings exhibit a distorted cubic SL structure
with sharp interfaces and a strongly oriented (200) tex-
ture (cf. BB measurements on coated Si substrates). The
measurements of coatings on MgO (100) show no signs
of peaks other than (200) due to the strong template
effect originating from the similar lattice parameters of
MoN/TaN SLs and MgO (a = 4.21 Å). The MgO sub-
strate peak (42.92◦) in the BB configuration belongs to
the (200) planes, while the Si substrate peak (69.13◦)
belongs to (400) planes. Based on the positions of the
satellite peaks, θ±, and the position of the main peak,
θB , we directly calculate the bilayer period, ΛXRD, using
the equation57
sin(θ±) = sin(θB)± mλ
2ΛXRD
, (6)
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where m and λ are the order of the reflection and
the wavelength of radiation (Cu-Kα), respectively. The
ΛXRD values correlate well with Λnom obtained from the
calibrated deposition rates as well as Λcalc calculated
from the number of interfaces and the total film thick-
ness, dfilm (Tab. II). The main experimental peak po-
sitions, (111), (200), and (220), of the SL coating with
Λ = 1.5 nm coincide well with those of the Mo0.75N/TaN,
Mo0.5N/TaN, and MoN0.5/TaN structures proposed by
our DFT calculations (Fig. 4 b). Also the correspond-
ing in-plane lattice parameters 4.33 Å (Mo0.75N/TaN),
4.27 Å (Mo0.5N/TaN), and 4.32 Å (MoN0.5/TaN) are in
line with the experimental value 4.29 Å.
TABLE II. Deposition times of the single TaN and MoN layers
correlated with the architecture of MoN/TaN SL coatings.
Deposition Architecture
tMo [s] tTa [s] dfilm [µm] Λnom [nm] Λcalc [nm] ΛXRD [nm]
4.9 6.6 2.0 1.5 1.50 1.40
9.7 13.2 1.8 3.0 2.67 2.65
19.5 26.4 1.7 6.0 5.22 5.10
Despite the structural agreement with the ab initio-
predicted candidates has been established, XRD results
did not allow to estimate the actual coating composition.
To provide a clue on the vacancy type, we analysed chem-
istry of our superlattice coatings using EDX. Kα and Lα
peaks were selected for an analysis of N, Mo, and Ta con-
tent. Fig. 5 depicts a representative semi-quantitative
line-scan together with compositional maps. Clearly, the
N atomic fraction is significantly lower in the MoN lay-
ers in comparison with the TaN layers. This variance was
not absolutely quantified due to a nearness of Ta (N2,3)
and Mo (M2, M3) peaks to the N-Kα peak in the en-
ergy spectrum. On the other hand, the intensities of Ta
(N2,3) and Mo (M2, M3) peaks are significantly lower in
comparison to the N-Kα peak. Therefore, a systematic
reduction of N-Kα signal is visible and allows to display
this variation semi-quantitatively, which points towards
N vacancies in MoN layers of the SL. Besides that, we
cannot exclude a certain concentration of Mo and/or Ta
vacancies.
As a next step, we go back to the DFT results (Fig. 1)
and identify the structural candidates that may actu-
ally exist under our specific deposition conditions. We
thus limit ourselves to the relevant subspace of the the-
oretical (µN,µMo,µTa)-dependent phase diagram, which
is the closest approximate to the N2 partial pressure
0.12 Pa, temperature 663 K, and Mo-to-Ta sputter yield
1.41. The temperature and pressure dependence of µN is
introduced following Ref.58 and using the reference values
at 700 K tabulated in Ref.59. The experimental Mo-to-Ta
sputter yield expresses the availability of the respective
metal species in the deposition process and hence, can be
related to the ratio of their chemical potentials, µTa/µMo.
The reason for taking µTa/µMo instead of µMo/µTa is that
0 refers to Mo(Ta)-rich conditions and the lower the µMo
(µTa) values are, the more we approach the Mo(Ta)-poor
state.
Fig. 6 reveals that the intersection of the experimen-
tal N2 partial pressure and Mo-to-Ta sputter yield falls
within the stability range of Mo/TaN SL. Despite sup-
porting our hypothesis on N vacancies in MoN layers,
the simulated XRD of Mo/TaN rather deviates from the
experimental record. Plotting stability ranges of the
metastable states (with Ef about 0.03 eV/at. above the
minimum energy), MoN0.5/TaN SL is obtained as an-
other structural candidate under our deposition condi-
tions. The good agreement between the experimental
XRD, the in-plane lattice parameter and the correspond-
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FIG. 4. XRD patterns recorded in Bragg Brentano (BB)
and Gracing Incidence (GI) configurations, of MoN/TaN thin
films with Λ = 1.5 nm (1a), 3 nm (1b), and 6 nm (1c). Su-
perlattice and substrate peaks are marked with triangles and
stars, respectively. The double-peaks for Λ = 6 nm corre-
spond to the respective constituent (2θTaN < 2θMoN). XRD
patterns for the DFT-predicted MoN0.5/TaN, Mo0.75N/TaN,
and Mo0.5N/TaN superlattices (2).
ing DFT data for MoN0.5/TaN indicate that this SL is
probably close to the synthesised one.
B. Elastic properties
As a next step, we study the impact of vacancies on the
elasticity of MoN/TaN SLs and contrast the trends with
these for the monolithic ζ-MexNy, Me=Mo, Ta. Apply-
ing the ab initio stress-strain method, we obtained full
elastic matrices Cij and estimated the mechanical stabil-
ity of the corresponding system by calculating the mini-
mal eigenvalue λmin (Tab. III).
Our results clearly underpin the important stabilisa-
tion role of vacancies in ζ-MoN. While the defect-free
ζ-MoN is mechanically unstable (especially due to the
low C44 leading to a negative λmin), it becomes stable
if either 12.5–25% of Mo or 12.5–50% of N vacancies is
present. Regarding ζ-TaN, both Ta and N vacancies pre-
serve mechanical stability as long as their concentration
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FIG. 5. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) measurements for SL
with Λ = 15 nm together with Energy dispersive X-ray Spec-
troscopy (EDX) data for Mo, N, and Ta.
is below 25 at.%. These findings suggest that not only
the most stable Mo0.88N and MoN0.5 (as suggested by
Fig. 3), but also some metastable states (e.g., MoN0.75)
might be experimentally accessible. On the other hand,
the TaN0.5 predicted as the most stable polymorph under
the low N2 partial pressure conditions might not be syn-
thesisable as a consequence of its mechanical instability.
As reported earlier40, the defect-free MoN/TaN SL
with Λ ≈ 1.91 nm (composed of the ζ-phases), is mechan-
ically stable. Considering the instability of the ζ-MoN
phase itself, this is a highly interesting result. Based
on Sec. III A 1, we propose that stabilisation of MoN
layers is obtained through the interface with the strong
ζ-TaN and the imperfect structure of the ζ-MoN itself,
which partially relaxes towards the mechanically stable
ω-MoN phase (see Ref.40). Vacancies in MoN layers to-
gether with perfect TaN layers yield positive definite elas-
tic matrices, i.e., MoxNy/TaN SLs are mechanically sta-
ble. This phenomenon relates to the increasing C44, and
hence, increasing resistance against shearing.
While our pre-study40 showed that the cubic MoN and
TaN transform towards the tetragonal ζ phases when no
vacancies are present in the SL, Sec. III A suggested that
ζ-phases actually transform back to the cubic structure
when vacancies are introduced in the simulation cell. To
support this hypothesis, we perform a simple analysis
of elastic symmetry. We note that elastic matrices, C,
calculated for defected systems generally constitute 21
independent elastic constants (due to the chemical disor-
der of vacancies and their high content). The number of
8              a) The lowest−energy              b) Superlattices with energies
              superlattices                           0.01−0.03 eV above
                                                                  the minimal energies
FIG. 6. The most stable (a) and the low-energy metastable (b) MoN/TaN SLs as a function of N chemical potential and
theoretical Mo-to-Ta sputter yield. The cross section of the two black solid lines—denoting the experimental N2 partial
pressure and sputter yield—suggests, which of the ab initio predicted candidates is the one produced during the deposition.
independent elastic constants decreases by projecting C
onto a higher symmetry, given by the symmetry of a sim-
ulation cell before the relaxation (which corresponds to
the macroscopic—experimental—symmetry). Following
Moakher and Norris 60 , we can search for the best fit-
ting projection, Csym, for our elastic tensor without any
symmetry assumptions. Such approach consists in min-
imising the distance dF (C,Csym) in the Frobenius (Eu-
clidean) norm40. Here, the lowest symmetries, triclinic
and monoclinic, were excluded from the analysis.
Evaluating dF (C,Csym) for cubic, tetragonal, hexago-
nal, and ortorhombic symmetry classes shows that the
expected Ctetr indeed represents the closest projection
for all systems. Nevertheless, examination of the ratio
d
tetr/cub
F := dF (C,Ctetr)/dF (C,Ccub) (7)
reveals interesting facts in the case of defected ζ-phases
(Tab. III). As dtetr/cubF approaches 1 for ζ-Ta0.75N,
ζ-Mo0.87N, ζ-Mo0.75N, and ζ-MoN0.5, the Ccub and Ctetr
are equally suitable for describing elasticity of these sys-
tems. On the other hand, the low dtetr/cubF obtained for
ζ-TaN0.87 (∼ 0.15) shows that the tetragonal symme-
try of the elastic tensor is well preserved. Such con-
clusions are in a perfect agreement with the discussion
in Section IIIA. Defected MoN/TaN SLs yield rather
low dF (C,Ctetr)/dF (C,Ccub) values, which justifies their
overall tetragonal symmetry. In the case of the defect-free
MoN/TaN, the more noticeable deviations from tetrag-
onality can be ascribed to the relaxation from ζ-MoN
towards the lower-symmetry ω-MoN.
Since the tetragonal projection was shown to be the
best approximant of all our elastic tensors, we used it to
evaluate the 6 independent elastic constants (Tab. III) as
well as the corresponding polycrystalline bulk, B, shear,
G, and Young’s, E, moduli (Fig. 7). The overall highest
B, G, and E values (306, 121, and 319 GPa, respectively)
in the Mo–N system are obtained for ζ-MoN0.5. Be-
sides, N-deficient ζ-MoN0.89, ζ-MoN0.75, and ζ-MoN0.5
show more ductile character (based on the Pugh’s50 and
Frantsevich’s criteria51) than their Mo-deficient counter-
parts, ζ-Mo0.89N and ζ-Mo0.75N. Defects in ζ-TaN cause
a significant drop in B, G, and E moduli: from 286,
159, and 403 GPa (perfect ζ-TaN) down to 161, 57, and
153 GPa (ζ-TaN0.75), respectively. Bulk moduli of the
N-deficient SLs vary between 289–317 GPa, while they
fall down from 305 GPa (defect-free system) to 274 GPa
when 50% of Mo sites is unoccupied. Importantly, some
of the B, G, and E values—e.g., 317, 160, and 411 GPa
of the MoN0.5/TaN—exceed those of the corresponding
binaries, ζ-MexNy, Me=Mo, Ta. Moreover, MoxNy/TaN
SLs show promising ductile character, based on their rel-
atively high B/G and ν values (Tab. III).
In line with the DFT predictions, also our experiments
show that the MoN/TaN SL coatings have superior me-
chanical properties (Tab. IV). The indentation hardness
is found within the range of 31–34 GPa for bilayer periods
9TABLE III. Structural and elastic data for monolithic ζ-phases and SLs. Vacancy type and content, VMo, VTa, and VN (in %),
is correlated with structural parameters, a, c, and Λ (in Å), minimal eigenvalue of the elastic matrix, λmin (in GPa), ratio of
the projections of elastic matrix onto tetragonal and cubic symmetries, dtetr/cubF , elastic constants, Cij (in GPa), elastic moduli,
B, G, E (in GPa), Pugh’s and Poisson’s ratios, B/G and ν.
ζ-MoN
VMo VN a c c/a λmin dtetr/cubF C11 C12 C13 C33 C44 C66 B G E B/G ν
0 0 4.25 4.54 1.068 −99 0 465 144 250 454 −99 105
12.5 0 4.31 4.33 1.005 77 0.90 487 147 161 460 95 83 264 114 300 2.31 0.31
25 0 4.25 4.30 1.012 75 0.91 328 157 138 346 79 86 207 86 228 2.40 0.32
50 0 4.46 4.42 0.992 −11 0.93 60 20 45 65 40 41
0 12.5 4.23 4.59 1.085 59 0.24 495 217 199 189 87 115 228 84 225 2.70 0.34
0 25 4.27 4.30 1.007 73 0.95 489 215 221 466 90 92 306 105 282 2.91 0.35
0 50 4.19 4.22 1.007 105 0.95 470 215 201 497 108 117 306 121 319 2.46 0.32
ζ-TaN
VTa VN a c c/a λmin dtetr/cubF C11 C12 C13 C33 C44 C66 B G E B/G ν
0 0 4.20 5.12 1.219 106 0.03 727 160 154 343 108 203 197 159 403 1.79 0.26
12.5 0 4.35 4.45 1.023 84 0.38 533 145 234 309 106 108 283 107 285 2.65 0.33
25 0 4.34 4.37 1.007 104 0.99 425 136 134 421 113 107 161 57 153 2.84 0.34
0 12.5 4.20 5.07 1.207 99 0.11 592 211 161 290 100 177 264 131 338 2.00 0.29
0 25 4.21 4.93 1.171 1 0.13 459 259 203 128 89 140 161 57 153 2.84 0.34
MoN/TaN
VMo VN (MoN) a (in-plane) Λ λmin d
tetr/cub
F C11 C12 C13 C33 C44 C66 B G E B/G ν
0 0 4.24 19.1 25 0.23 696 170 173 407 27 148 305 91 248 3.35 0.36
25 0 4.34 17.8 133 0.30 596 131 153 486 91 115 283 133 345 2.13 0.30
50 0 4.24 19.1 122 0.11 608 171 130 431 72 127 274 122 318 2.25 0.31
0 12.5 4.23 18.9 37 0.10 666 207 174 346 14 144 290 78 214 3.73 0.38
0 25.0 4.23 18.7 104 0.12 616 201 189 331 58 141 289 104 277 2.79 0.34
0 50.0 4.32 17.2 160 0.04 668 152 169 514 123 129 317 160 411 1.98 0.28
0 75.0 4.32 16.9 150 0.04 641 136 179 463 108 153 301 150 386 2.01 0.29
0 100 4.39 15.6 145 0.11 598 172 171 521 104 150 302 145 375 2.09 0.29
1.4, 2.65, and 5.1 nm. We note that due to the preferred
orientation, coatings on MgO are slightly harder. The
indentation modulus shows a slight dependence on Λ: E
decreases from the 428 GPa (Λ ∼ 1.40 nm) down to
379 GPa (Λ ∼ 5.10 nm). Tab. IV justifies that such evo-
lution is not caused by residual stresses61 that vary only
slightly (between 1.7 and 2.1 GPa). The experimentally
measured indentation value of (428 ± 23) GPa for the
1.4 nm SL, perfectly agrees with the ab initio calculated
411 GPa of MoN0.5/TaN, thus supporting the hypothesis
on the chemistry of our SL coatings.
C. Dynamical stability and electronic structure
To complete the picture of MoN/TaN SLs as well as to
underpin our hypothesis on the presence of N vacancies
in MoN layers, we calculate vibrational and electronic
properties.
Starting with the electronic structure, Fig. 8 indicates
that the metallic character of the SL is preserved, re-
TABLE IV. Young’s moduli, E, hardnesses, H, and resid-
ual stresses, σr, of our SL coatings (deposited on Si or MgO
substrate) correlated with bilayer period, ΛXRD.
Architecture Mechanical properties
ΛXRD [nm] E [GPa] HSi [GPa] HMgO [GPa] σr, Si [GPa]
1.40 428± 23 31.0±1.6 32.3±1.3 1.8±0.1
2.65 388±21 31.8±1.6 - 2.1±0.1
5.10 379±14 31.2±1.6 33.5±1.3 1.7±0.1
gardless the vacancy content. Local character of the to-
tal DOS close to the Fermi level, EF , is in line with our
previous findings on mechanical stability. In the case of
defect-free MoN/TaN, the vicinity of EF is dominated by
Mo-d states, while the contribution from Ta-d orbitals is
rather small. The Fermi energy is also off the nearest
minimum of the total DOS, which is in line with its me-
chanical instability. A reduction of Mo-d contribution
close to EF is accompanied by an increase of Ta-d states
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FIG. 7. The polycrystalline bulk, B, shear, G, and Young’s
moduli, E, of the single-phase (1a–c) and the SL systems (2a–
c) as functions of the vacancy content. The symbol size scales
with the minimal eigenvalue, λmin, hence, rating mechanical
stability of the corresponding structures.
as well as the interstitial DOS. The latter is a consequence
of numerous unoccupied lattice sites and hence, broken
bonds of the neighbouring atoms. For N-deficient SLs,
Mo-d states dominate especially in the range of −4 eV
up to EF . Additionally, two sharp N-derived peaks de-
velop for Mo0.5N/TaN. As intuitively expected, the DOS
profile of the bcc-Mo containing SL, Mo/TaN, largely de-
viates from the defect-free case.
Furthermore, Fig. 9 uncovers dynamical instabil-
ity of the defect-free SL due to the presence of imag-
inary phonon frequencies (caused by vibrations of the
Mo atoms). The dynamical stability of the ζ-TaN thus
does not compensate for the instabilities of the ζ-MoN
(or ζ/ω-MoN). The Mo0.5N/TaN and MoN0.25/TaN SLs
yield even higher phonon density of states in the imagi-
nary frequency range, mainly originating from vibrations
in TaN layers. As already mentioned, the high vacancy
content in MoN causes a compression of ζ-TaN layers
along the z-axis (cf. Fig. 3), which is accompanied by
several soft modes in phonon spectra. For the same rea-
son, vibrations of Ta atoms induce some minor instabili-
ties of Mo/TaN structure, though no imaginary phonons
frequencies are present in bcc-Mo. Importantly, all imag-
inary phonon frequencies are eliminated in MoN0.5/TaN
SL. This vacancy content is thus sufficient to stabilise
MoN layers, but not too high to destabilise TaN layers.
According to DFT calculations, the MoN0.5/TaN SL—
supposedly a close approximant to the experimental
coatings—does not only exhibit a local DOS minimum at
the Fermi level (which is a sign for stability), but actually
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FIG. 8. Electronic density of states (DOS) for low-energy
SLs. The grey-shaded areas show the total DOS, while the
red, green, blue, and yellow lines correspond to the partial
contribution from Mo, Ta, and N orbitals in MoN and TaN,
respectively.
is the only vibrationally stable configuration. Neverthe-
less, we note that the here presented phonon calculations
are far from being an accurate description of the phonon
properties as a function of defect type, concentration,
and configuration. A careful supercell size optimisation
and/or different defect distribution may lead to a dy-
namical stabilisation of other defected systems, not only
MoN0.5/TaN.
IV. SUMMARY AND CONCLUSIONS
Structure-stability-elasticity relations for cubic-based
MoN/TaN superlattices were established by modelling
and experimental techniques. Our material system pre-
sented a particular versatility in physical properties, as
both MoN and TaN have a strong affinity for vacancies
and can easily structurally transform due to the presence
of interfaces (and the corresponding non-homogeneities
of the electronic charge density).
Quantum-mechanical DFT calculations identified
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the most energetically favourable SL candidates,
Mo0.5–0.75N/TaN, Mo/TaN, MoN0.25−0.5/TaN, and
MoN/Ta0.5–0.75N, depending on various deposition
conditions, i.e., on the values of chemical potentials.
SLs with vacancies in MoN layers clearly dominated,
suggesting that a high Mo or N deficiency is expectable
for experimental coatings. Indeed, the simulated XRD
patterns of the Mo0.5–0.75N/TaN and MoN0.5N/TaN
fitted perfectly to the measured XRDs for magnetron
sputter-deposited MoN/TaN SLs with Λ ≈ 1.5–6 nm.
Chemical investigations using EDX further suggested
that our SL coatings contain N vacancies. Additional
DFT analysis pointed towards MoN0.5/TaN as the most
likely structural variant under our deposition conditions.
Calculations of elastic properties proved a stabilisation
effect of vacancies in terms of mechanical stability and
suggested an improved ductility/toughness of MoN/TaN
SLs as compared to the monolithic phases as well as
transition metal nitride systems in general. The ab
initio polycrystalline Young’s modulus of MoN0.5/TaN
(411 GPa) perfectly agreed with the experimental inden-
tation modulus (428±23 GPa), thus supporting our hy-
pothesis on N vacancies in MoN layers of SL coatings.
The measured indentation hardness reached up to 31–
34 GPa. Phonon calculations further revealed that the
MoN0.5/TaN structural candidate is the only one that is
vibrationally stable.
Our complex analysis of vacancy-stabilised MoN/TaN
SLs underlines the high predictive power of modelling
as well as the necessary symbiosis between theory and
experiment in order to design novel materials.
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